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RÉSUMÉ 
La pollution bactérienne des eaux déversées se répercute négativement sur la qualité des cours d’eau 
et restreint leur utilisation comme eau de baignade. L’article analyse l’influence particulière des 
déversoirs d’orage des réseaux d’eaux mixtes sur la pollution bactérienne des rivières. Une méthode 
de calcul adaptée pour évaluer la pollution générée par les déversoirs d’orage à l’aide d’un modèle de 
simulation de la charge polluante est présentée. Ce modèle reprend, pour la présente étude, un cas 
de figure avec charges actuelles et un scénario avec charges futures issue d’une urbanisation 
croissante.  
L’envergure de la pollution en provenance des déversements d’eaux mixtes est quantifiée par le biais 
des bactéries témoins Escherichia coli (E. coli) et entérocoques intestinales, ce qui a permis d’établir, 
pour un tronçon prédéfini, l’importance des rejets des déversoirs d’orage, de la station de traitement 
ainsi que des sources de pollution diffuses. L’étude montre entre autres que, pour les cas de figure 
simulés, les déversoirs d’orage d'eaux mixtes sont responsables pour plus de 40 % de la pollution 
bactérienne totale dans le cours d’eau. Pour remédier à cette situation, l’étude retient plusieurs 
mesures permettant d’atteindre une meilleure qualité d’eau et en même temps d’être à hauteur des 
objectifs de la directive européenne concernant la qualité des eaux de baignade. 
 
ABSTRACT 
Bacteriological pollution of rivers has negative impacts on the water quality and restrains the use as 
bathing water. The paper investigates the contribution of combined sewer overflows (CSOs) to the 
bacteriological pollution load of rivers. A method to calculate bacteriological pollution by CSOs with a 
pollution load simulation model is presented. The simulation is implemented for a study area for a 
present state and an upgrade scenario.  
The results show the dimension of the bacteriological pollution by CSOs for the indicator bacteria E. 
coli and intestinal enterococci. With these results the bacteriological pollution load of a river segment 
by CSOs, wastewater treatment plant (WWTP) outflow and non-point sources is balanced. In the study 
area CSOs cause more than 40 % of the total bacteriological pollution of the river. Conclusively 
measures for reaching a better water quality and complying with regulations of the EU Bathing Water 
Directive are presented. 
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For the evaluation of water quality all possible entry paths of pollutions of rivers have to be considered. 
Water pollutants enter the water body through WWTP outflows, the sewer system (CSOs) and non-
point sources. Especially CSOs can cause temporary, highly concentrated loads in rivers, depending 
on the sewer system and the condition of the CSOs. The determination of nutrient loads discharged by 
CSOs and their effects on receiving waters have been extensively researched (e.g. Behrendt et al. 
2003 and Trench 2000).  
However there are only a few studies investigating the emissions of bacteriological loads in rivers by 
CSOs in Central Europe (e.g. Passerat et al. 2011 and Rechenburg et al. 2006). For example a 
balance of the bacteriological pollution load of all entry paths has been examined by the environment 
agency in a federal state of Germany (MUNLV 2009). 
In other countries many studies concerning the influence of CSOs on bacteria in rivers have been 
executed, e.g. in the USA (Murray et al. 2001 and Pettibone & Irvine 1996) and the UK (Ashley & 
Dabrowsky 1995). The results of these studies form a good basis, but they are possibly not 
transferable to the examined area in this paper due to different boundary conditions (e.g. 
characteristics of the catchment). Ham et al. (2009) found a significant causal relation of the 
bacteriological concentration in rivers with the population density. 
Knowing the level of bacteriological pollution of a water body is important for the water quality as well 
as for the use of a river as bathing water. Especially in recreation areas rivers are used for bathing and 
therefore thresholds according to the EU Bathing Water Directive (EC, 2006) have to be complied. If 
these thresholds are exceeded, bathing has to be prohibited with possibly negative effects on the 
touristic development of an area. 
This paper presents a method for the investigation of bacteriological pollution by CSOs of rivers with a 
pollution load simulation model. The calculated bacteriological emissions by CSOs are balanced with 
the ones of other entry paths like WWTP outflow and non-point sources. The examinations are 
executed for a study area, which is described below. 
1.2 Study area 
The study area is located in the north of Luxembourg on the river Sûre. Background is a project called 
„Survey of the development of the nutrient and bacteriological loads of the Sûre through the extension 
of the WWTP Bleesbréck” in Luxembourg (Hobus et al. 2013). The project has been financed by the 
water community SIDEN (Syndicat Intercommunal de Dépollution des Eaux résiduaires du Nord) in 
Luxembourg. The aim was the evaluation of planned rehabilitation measures for the WWTP as well as 
for the combined sewer system. The present state of the study refers to the year 2009, when the 
implementation of the rehabilitation measures started. The system rehabilitation shall be finished in 
2036. 
Besides the determination of nutrient loads, the study focuses on bacteriological loads, because the 
Sûre previously was bathing water according to the EU Bathing Water Directive. But in recent years 
the water quality didn’t meet the requirements of the EU Directive anymore and the status as bathing 
water was adjudicated. To strengthen the region as a recreation area the water quality shall be 
improved with rehabilitation measures.  
The study investigates the catchment area of the lower Sûre in Luxembourg (see Figure 1). The 
considered section of the Sûre between Michelau and Bettendorf has a length of about 20 km and a 
predominantly rural catchment area of 183 km². The largest part of the wastewater is treated in the 
WWTP Bleesbréck, which is operated by SIDEN. The WWTP was built in the 1960s for 60,000 PE 
with the aim of the elimination of carbon. It will now be enlarged for nitrogen elimination with a serving 
size of about 130,000 PE in 2036. With a procedural modification the WWTP shall be optimally 
adapted to the increasing pollution. Aside there are 10 small WWTPs with a mechanical treatment and 
2,600 connected inhabitants in total. The study area is mainly drained by a combined sewer system, 
which will be redeveloped. The building of new conduits and the transformation of existing CSOs in 























Figure 1: Study area and monitoring points (Keil 2013) 
 
2 MATERIAL AND METHODS 
2.1 Applied Simulation Model 
The investigation of the bacteriological and nutrient emissions by CSOs has been performed by 
applying the detailed pollution load model KOSMO. The model computes sewer flow by applying fully 
dynamic flow routing of unsteady, gradually varied flow. The Saint-Venant-Equations are solved 
numerically using an explicit difference scheme. Alternatively a hydrological approach of Kalinin-
Miljukov can be applied in catchments where the influence of the accurate computation of pipe flow 
including surcharge conditions, e.g. backwater effects and pressure flows is low. Often these 
conditions can be found in rural areas, like the study area. 
Surface runoff generation is computed based upon common hydrological methods to describe initial 
interception, depression storage and infiltration losses. The precipitation data of multiple rain gauges 
can be used as input data. Exponential accumulation and wash-off functions are applied to compute 
pollution build-up during dry weather and transport by surface runoff. Moreover, the temporal 
distribution and mixture of different pollution loads (sanitary and industrial sewage as well as rainfall 
runoff) is taken into consideration (Schmitt 1994). 
2.2 Catchment and sewer network 
Currently 11 CSOs and 14 CSO tanks are situated in the catchment area of the WWTP Bleesbréck. 
The combined sewage inflow to the WWTP is limited to the wet weather design inflow; the excess 
combined sewage is discharged into the Sûre on rainy days. The infiltration water in the sewer system 
is high, due to leaky sewage conduits and the connection of unpaved areas to the sewer system. With 
the extension of the WWTP Bleesbréck more combined sewage can be treated in the future, however 
the wastewater increases as well due to the predicted population growth. The CSO directly ahead of 
the WWTP will be deregulated and the infiltration water will be reduced by the rehabilitation of 
conduits. In the planning concept existing CSOs will be replaced by CSO tanks for the extended 
storage of combined sewage. Moreover in CSO tanks functioning as clarifiers, parts of the suspended 
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solids can be removed by sedimentation. In the upgrade scenario 25 CSO tanks and only 3 CSOs will 
exist. Furthermore a new conduit in parallel to the existing conduit will be built ahead of the WWTP. 
Due to a very high computing expense when long-term pollution load simulations are applied, the 
sewer network cannot be implied into the model in detail. Therefore a simplified network has been 
developed, where parts of the local sewer system with several CSOs are merged to one subarea with 
one final CSO tank. 
The precipitation runoff is assigned as an unsteady inflow to the manhole. Site-specific differences are 
taken into account by considering specific values like flow time, permeable area and the average 
ground slope. Because of the previously mentioned boundary conditions the sewer flow is simulated 
with the Kalinin-Miljukov approach. 
2.3 Implementation of the model 
Characteristics of dry weather flow 
In the study area the dry weather flow currently amounts 12,700 m³/d. For the upgrade scenario the 
WWTP will be designed for a dry weather flow of 22,500 m³/d. The simulation model requires the 
bacteriological and nutrient concentrations in the dry weather flow and the stormwater runoff as input 
parameters. For the determination of the bacteriological pollution the fecal indicator bacteria 
Escherichia coli (E. coli) and intestinal enterococci were chosen according to the EU Bathing Water 
Directive. 
Measured bacteriological concentrations were available for the monitoring point in the Sûre in 
Bettendorf. A monitoring program for the dry weather flow and stormwater runoff couldn’t be executed 
within the study. The concentrations of the bacteriological parameters were determined on the basis of 
a literature survey (Marsalek and Rochfort 2004, McLellan et al. 2007, Waldhoff 2008). For E. coli 
concentrations of 1.7*10
6
 CFU/100 ml in the dry weather flow and 3.7*10
5
 CFU/100ml in the 
stormwater runoff according to Waldhoff (2008) were defined. For the dry weather flow an enterococci 
concentration of 3.7*10
5
 CFU/100 ml and for the stormwater runoff of 7.2*10
4
 CFU/100 ml were 
estimated. With the identified concentrations the CSO loads were calculated and compared with the 
measured loads on the monitoring point in the Sûre in Bettendorf. 
Moreover the nutrients nitrogen (N) and phosphorus (P) were investigated. The nutrient concentration 
for the dry weather flow was taken from monitoring data in the inflow of the WWTP Bleesbréck. Due to 
the lack of monitoring data for the nutrient pollution of stormwater runoff, these concentrations again 
were taken from literature values, which already had been applied and verified in many pollution load 
simulations (e.g. Roenner-Holm et al. 2009). 
 
Table 1: Concentrations of the bacteriological and the nutrient parameters 
N P E. coli Enterococci
[mg/l] [mg/l] [CFU/100ml] [CFU/100ml]
dry weather flow 24.8 3.8 1.7E+06 3.7E+05
stormwater 3.0 0.8 3.7E+05 7.2E+04
combined sewage 5.8 1.1 5.3E+05 1.1E+05





For the long-term pollution load simulation a continuous period of at least ten years of precipitation 
recording is necessary (ATV 1992). The rain gauge in Bleesbréck delivered continuous rainfall data for 
the years 1997 - 2009. The average annual precipitation is 750 mm/a. 
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3 POLLUTION LOAD SIMULATION 
With the designed model, a long-term pollution load simulation was carried out by using historical 
rainfall data for a continuous period of 13 years (1997-2009). The year 2009 was considered 
separately, because it represents the present state. Additionally a year with low precipitation (2005) 
and a year with high precipitation (2001) were simulated to examine the effects of the varying annual 
rainfall on the pollution loads. 
For the evaluation of the pollution during the tourist season a long-term simulation for the summer 
period (4/1 till 9/30) and the winter period (1/1 till 3/31 and 10/1 till 12/31) was carried out. The results 
of the summer months are important for the use of the Sûre as bathing water. 
Selected simulation results are described below. 
3.1 Simulation results of the present state 
The total runoff in the combined sewer system accounts on average 6.5 Mio. m³/a. The annual CSO 
volume is about 1.1 Mio. m³/a.  The CSO directly ahead of the WWTP Bleesbréck discharges 377.000 
m³/a combined sewage into the Sûre. This leads to a very high pollution of the Sûre at the WWTP on 
rainy days. The simulation results are presented in chapter 3.3 in comparison to the upgrade scenario. 
3.2 Simulation results of the upgrade scenario 
The total discharge in the sewer system for the upgrade scenario accounts on average 9.2 Mio. m³/a, 
whereof about 800.000 m³/a are discharged by CSOs. As a rehabilitation measure the overflow ahead 
of the WWTP Bleesbréck is eliminated and the discharge of combined sewer flow is reduced. The 
simulation results are presented in the next chapter. 
3.3 Comparisons of the two scenarios 
Table 2 shows the resulting discharges in the study area in m³ per year. In the upgrade scenario the 
dry weather flow nearly doubles due to the increase of the population and the extension of the WWTP 
Bleesbréck. The stormwater reduces slightly, because on the one hand stormwater management 
measures are implemented but on the other hand the paved area increases due to the new 
development. Therefore the total combined sewage flow in the catchment area will increase in the 
future. As a consequence the inflow to the WWTP rises as well. The CSO volume reduces by 25 %. In 
the present state 17% of the total discharge are released by CSOs in the Sûre. In the upgrade 
scenario the discharge by CSOs decreases to 8 %. 
Table 2: Discharges in the study area 
present state upgrade scenario
dry weather flow [m³/a] 4,635,800 8,199,400
stormwater [m³/a] 1,810,700 1,781,300
total discharge [m³/a] 6,446,500 9,980,700
WWTP inflow [m³/a] 5,338,500 9,164,700
CSO volume [m³/a] 1,108,000 816,000  
 
Selected results of the simulations of the present state and the upgrade scenario can be seen in table 
3. In the upgrade scenario the emissions reduce in general. Through the decrease of the total CSO 
volume of 300,000 m³/a, the emitted nutrient and bacteriological loads reduce as well. The CSO 
nitrogen and phosphorus loads decrease by 43 % respectively 45 %; the CSO E. coli and enterococci 
loads by 35 % and 37 %. 
The discharge rate for CSOs according to German A 128 (ATV 1992) decreases from 61 % to 46 %. 
The discharge rate indicates the average discharged water volume in a river during a rainfall event. In 
the present state it is very high and the reduction by 15 % is a positive trend. But even 46 % are quite 
high compared to other catchments. 
In general the simulations present ranges of E. coli and enterococci CSO loads for a rural catchment 
in Central Europe.  
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CSO volume [m³/a] 1.1 Mio. 816,000 26
CSO nitrogen load [kg/a] 6,430 3,660 43
CSO phosphorus load [kg/a] 1,210 660 45
CSO E. coli load [CFU/a] 5.87E+15 3.79E+15 35
CSO Enterococci load [CFU/a] 1.20E+15 7.62E+14 37
discharge rate for CSO [%] 61 46 15  
 
The calculated bacteriological loads were validated with results of other studies and data of the 
monitoring point in Bettendorf. The validation with other studies turned out difficult, because of 
different boundary conditions in each study. Altogether the range of the results complies with literature 
values. Moreover the nutrient loads are in the same range as literature values and therefore it can be 
assumed, that the pollution load simulation is feasible.  
3.4 Simulation results for the summer half-year 
In the long-term average 47 % of the total precipitation falls in summer and 53 % in winter. The 
proportional distribution between summer and winter half-year is equal for the present state and the 
upgrade scenario. In the upgrade scenario the CSO volume is 415,000 m³/a in summer and 401,000 
m³/a in winter. Thus, in summer 51 % of the annual CSO volume is discharged, even though only 47 
% of the annual precipitation occurs. 
The CSO loads are proportional to the rainfall and the CSO volume. Nutrient as well as bacteriological 
CSO loads amount to 48 % in summer. The discharge rate by CSOs in summer is with 53 % 
considerably higher than in winter (41 %), because in summer thunderstorms and heavy rainfall occur 
more likely. In summer it rains rarely, but therefor with a higher intensity, whereas in winter the 
precipitation is homogeneously distributed. Higher discharge rates of CSOs imply that more combined 
sewage is discharged in the river. In general, rivers like the Sûre have less water in summer than in 
winter. As a consequence critical conditions for a river due to CSO loads are more likely to occur in 
summer. 
4 BALANCE OF BACTERIOLOGICAL POLLUTION IN RIVERS 
4.1 Balance of all entry paths of bacteriological pollution in rivers 
The previous paragraphs show how the nutrient and bacteriological CSO loads for a study area can be 
determined with a pollution load simulation and which range of size they might have. Now, these 
results will be compared to other possible entry paths of pollutions in rivers like WWTP outflow and 
non-point sources. The pollutions from non-point sources are discharged in a river by surface runoff 
and base runoff. This discharge is estimated with the difference between inflow and outflow less the 
discharges from point sources in the study area. For the present state an inflow in the study area by 
surface and base runoff of 60 Mio. m³/a results. Altogether the discharge by non-point sources 
amounts to 89 % for the present state. The share of the point-sources is 11 %. 
With the extension of the WWTP Bleesbréck to 130,000 PE the total amount of combined sewage 
rises to 9.2 Mio. m³/a. As a consequence of the construction of new CSO tanks and the increasing 
inflow to the WWTP the discharged CSO amount decreases to 0.8 Mio. m³/a. In the upgrade scenario 
the proportion of point-sources rises to 16 % of the total discharge. 




Figure 2: Percentage of point and non-point sources of the total discharge of the present state and the upgrade 
scenario 
 
Figure 3 shows the proportionate balanced E. coli and enterococci loads resulting of point and non-
point sources in the study area. The percentage of the CSO E. coli load is relatively high compared to 
the WWTP outflow and the non-point sources. In the present state, 47 % of the total E. coli pollution 
results of CSOs, even though their portion of the total discharge is only 2 %. The emission of E. coli by 
the WWTP is 32 % and the emission of non-point sources is only 21 %. The emission of enterococci 
by CSOs is with 43 % a bit lower than the E. coli portion. 
With the extension of the WWTP Bleesbréck and the sewer system the emissions can be reduced 
despite the predicted population increase. This is caused by the lower discharge rates of CSOs as well 
as through the revised elimination rate of the WWTP. 
The calculated bacteriological pollutions by point and non-point sources are evaluated by comparing 
the results to findings of several scientific studies. As an example the comparison with a study of 
Kistemann et al. (2007) is shown. In this study the same examinations as for the Sûre have been 
undertaken for a river in Germany called Swist. There the E. coli pollution by WWTP outflows is only 5 
%, whereas it is 32 % for the WWTP Bleesbréck. The considerably higher pollution by the WWTP 
Bleesbréck is caused by the lower elimination rate of bacteriological parameters compared to literature 
values. As mentioned above, aside the WWTP Bleesbréck exist 10 small WWTPs, which only have a 
mechanical treatment. The percentage of E. coli in CSO discharges is also higher for the study area 
(47 %) than in the Swist catchment (21 %), due to higher discharge rates by CSOs in the Sûre 
catchment. The percentage of E. coli loads by non-point sources lies with 20 % in the study area 
considerably below the input determined in the study of Kistmann (74 %). The smaller percentage of 
non-point sources results from a smaller catchment with at the same time higher CSO discharges and 
lower elimination rates of the WWTPs.  
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Figure 3: E. coli and intestinal enterococci loads by CSOs, WWTP outflow and non-point sources of the present 
state and the upgrade scenario 
 
4.2 Measures improving the water quality 
Figure 4 shows the average bacteriological concentrations and the calculated portion of 
concentrations which is inserted along the course of the river Sûre in the upgrade scenario. For the 
calculation of the concentrations the inserted loads in the study area, the preload in Michelau and 
Ettelbruck from monitoring data in 2011 as well as the average discharge are considered. In Ettelbruck 
the bacteriological concentration increases heavily, because the polluted river Alzette is joining the 




Figure 4: Calculated E. coli and intestinal enterococci concentrations of point and non-point sources for the study 
area along the course of the Sûre (- - - - threshold EU Bathing Water Directive) 
Even without taking into account the inserted bacteriological preload of the Sûre, the thresholds of the 
EU Bathing Water Directive for a sufficient quality in the present state as well as in the upgrade 
scenario can’t be complied. The thresholds can only be reached with a combination of measures in the 
catchment area and in the upper river area. 
Due to the high bacteriological pollution by CSOs the application of a retention soil filter was 
investigated. According to Waldhoff (2008) the use of a filter reduces the bacteriological pollutions in 
combined sewage for one log level. However this wouldn’t be enough for the compliance of thresholds 
according to the EU Bathing Water Directive. Moreover a large area for the construction of a retention 
soil filter would be required, which isn’t available. 
The CSO volume could be reduced if more combined sewage would be treated in the WWTP 
Bleesbréck. This could be realised by increasing the hydraulic capacity of the WWTP during wet 
weather flow. With the integration of a filter system and a UV treatment unit, the WWTP Bleesbréck 
could reduce the outflow concentration of E. coli to 50 CFU/100ml and of enterococci to 10 CFU/100ml 




It has been shown how bacteriological pollution load of rivers caused by CSOs can be determined with 
a long-term pollution load simulation. A dimension of E. coli and enterococci loads by CSOs could be 
illustrated for a rural study area in Central Europe. Comparing the results of the present state and the 
upgrade scenario shows, that rehabilitation measures as planned in the sewer system and the 
transformation of CSOs to CSO tanks have a positive impact on pollution loads. 
The CSO emissions dominate the balance of the bacteriological pollution of all entry paths. They 
amount to more than 40 % for E. coli and enterococci. The emissions by CSOs lead to a high, but 
short-term pollution of the Sûre in winter and in summer. In contrast the lower emissions of the WWTP 
outflow and non-point sources are continuously. 
This study aimed at calculating the bacteriological loads of CSOs in rivers by modeling the sewer 
system. For a better validation of the determined results a monitoring campaign in the study area over 
a longer period of time should be undertaken.  
Even in the upgrade scenario the thresholds of the EU Bathing Water Directive can’t be complied. 
Therefore measures reducing the bacteriological pollution were presented. By reducing the preload of 
the river Alzette to the concentration level of the Sûre in Erpeldange and in combination with a 
disinfection of the outflow of the WWTP Bleesbréck the thresholds can be met during dry weather. 
Since a large part of the bacteriological pollution results from CSOs, planned CSO tanks should have 
higher specific storage volumes. If possible, the treatment of more combined sewage in the WWTP 
Bleesbréck should be implemented.  
Moreover the approval of a river as bathing water according to the EU Bathing Water Directive 
supports the touristic and economic development of a region. 
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